A textured Mg-Al-Zn alloy rolled plate was solution-treated and then aged at 320°C for 2 and 116 hours, respectively. Afterwards, the three conditions were tested at room temperature in compression along the transverse direction to activate {10 12} twinning. Both aged specimens exhibited a yield stress about 10 MPa higher than that of the solution-treated condition, with the increase of the yield stress attributed to the extra stress required for the twins to grow in the presence of particles. In order to understand the mechanism responsible for such strengthening, the effect of the precipitate basal plates on the critical resolved shear stress (CRSS) for twin growth was estimated using four different calculation approaches: Orowan stress to bow twinning dislocations around particles, elastic back-stress resulting from unsheared precipitates inside the twin, strengthening of basal slip within the twin (related to plastic relaxation), and stress to bow a twinning super-dislocation loop capable of further expansion. These methods give an order of magnitude difference in the calculated strengthening effect that spans the measured CRSS increase. The last two methods give the best estimates of the CRSS increase for twin growth depending on the aging time.
I. INTRODUCTION
WROUGHT Mg parts usually exhibit a remarkable yield stress asymmetry at room temperature (RT), with a factor 2 difference in strength not uncommon when tested in compression and tension along the same axis. [1] [2] [3] [4] This asymmetry hinders the wider utilization of Mg in structural applications and means that the potential of Mg to greatly reduce weight and increase fuel efficiency in transport applications is not fully exploited.
Mechanical asymmetry is mainly associated with the strong crystallographic texture developing in Mg during the most common processing techniques [5, 6] and the polar nature of twinning, since the easy twinning mode is active only when there is an extension component parallel to the c-axis. [7] Therefore, at RT, in textured rolled sheets, where the basal planes preferentially orientate parallel to the rolling plane, when testing along the in-plane directions, extension twinning is active under compression, whereas prismatic slip is active under tension. [8] The critical resolved shear stress (CRSS) for both deformation systems is different, [9, 10] which results in the above-mentioned yield stress asymmetry, with the yield stress being higher in tension than in compression. The same phenomenon is also observed in extrusions when loading along the extrusion direction, and has the same fundamental origin. [11, 12] One approach to overcoming this problem is to modify (weaken) the texture by adding certain elements, [13] [14] [15] [16] [17] changing the conditions of classical thermomechanical processing techniques [18] [19] [20] or using more complex strain paths like equal channel angular extrusion (ECAE). [21, 22] However, these approaches also add considerably to the cost of the product, either through the introduction of expensive elements (e.g., rare earths) or more complex process pathways (e.g., ECAE). Moreover, texture weakening can only lead to a reduction in asymmetry by reducing overall strength as it works by enabling yield to be controlled in all orientations by low CRSS modes (e.g., basal slip).
Another way to attenuate the RT yield stress asymmetry of textured Mg consists in decreasing the CRSS prismatic /CRS twinning ratio, so that the activity of prismatic slip is enhanced at the expense of twinning. Since the sensitivity to grain size is higher for twinning than for slip, [23, 24] grain refinement is one possibility. However, optimizing the processing conditions in order to attain fine enough grain sizes may be very time-consuming and not practical. Solute additions and precipitation are other possibilities as it is known that solutes [25, 26] and precipitates [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] do not strengthen all the deformation mechanisms equally and indeed, solute atoms may even soften prismatic slip. [25, 44] However, it is unlikely that the differential strengthening effect provided by solute is as large as to eliminate asymmetry. On the contrary, optimal distributions of precipitates can produce this effect. For this reason, precipitation is considered to be an important tool for controlling the balance between prismatic slip and twinning, which is, in turn, affected by the precipitate shape and habit. [27, 31, 36] In this way, while precipitation of basal plates reduces asymmetry in strongly textured Mg-Al-Zn alloys [29, 33, 35] through the preferential strengthening of twinning, precipitation of c-axis rods in Mg-Zn alloys causes the opposite effect. [28, 40] Since this approach is based on inhibiting twinning by precipitation, understanding how precipitates influence twinning is paramount to control the RT mechanical asymmetry of Mg wrought products. Twinning consists of nucleation and growth and both processes may be affected by the presence of precipitates. It has been experimentally demonstrated that particles do not suppress twin nucleation in Mg alloys. In fact, while the twin volume fraction decreases [28] [29] [30] or remains invariant, [35, 40, 41] precipitation leads in some alloys to a higher number of narrower twins, even for lamellar precipitate structures. [35] These observations suggest that particles suppress twin growth more strongly than they suppress twin nucleation.
Depending on the relative size of the growing twin and the precipitate, twins and particles interact in different ways in Mg. Large particles can stop twins, although twinning can continue by the nucleation of new twins in the matrix on the far side of the particles. [35, 36] Small particles are engulfed by twins, where they can remain unsheared [28, 31, 33, 36, 40, 45, 46] or being sheared. [32, 47] Precipitates are sheared by twins only when they are very fine or coherent. More commonly, particles are not sheared, although they can undergo a rigid body rotation inside the twin in order to accommodate part of the twinning shear. [31] [32] [33] 36] Another common observation is that twin boundaries become deflected when they intersect particles, indicating that particles provide a resistance to the migration of twin boundaries. [29, 36] Gharghouri et al. [46] even showed that twins avoid intersection with a particle by changing their apparent habit plane, further confirming that precipitates hinder twin propagation. Despite all these experimental evidences that particles can have a strong effect on twinning in Mg, the mechanisms by which particles interact with twinning dislocations are less clear than the interaction mechanisms of particles with slip dislocations. So, in the case of slip, there is fairly good agreement between the precipitate strengthening predicted by the Orowan expression and the experimental results. [27, 28, 30, 31, 33, 34, 36, 43] On the contrary, the Orowan model, based on the bowing of dislocations around shear-resistant particles, does not fully account for the hardening of the twin system produced by precipitates. [28, 30, 31, 33, 36, 40, 43] Therefore, there must be additional contributions from other mechanisms like the back-stress arising from the elastic deformation of particles, the hardening of the slip systems that accommodate twinning or the stress required to bow a super-dislocation around particles. [28, 31, 33, 36, 40, 41, 43, 48] However, more systematic studies of the influence of particle morphology, orientation, volume fraction, size, and spacing on twinning are still needed before we can fully describe how precipitates affect twinning and thus predict the strengthening caused by particles in Mg.
The purpose of this study was to investigate the interaction between twins and large-sized basal plates in a system containing a large volume fraction of precipitates. For this purpose, an AZ80 Mg alloy rolled plate, exhibiting basal texture, was compressed at RT along the transverse direction (TD) in the solution-treated and two different aged conditions. High resolution scanning electron microscopy was used to analyze the distribution of precipitates in the aged samples and to examine the effect of precipitate characteristics on twinning. This has enabled a greater number of twin/particle interactions to be studied over a larger area than by using transmission electron microscopy. From measurements of particles parameters, the strengthening increment has been calculated using four different methods in the literature. These calculations have been compared with the measured strengthening increment and used to identify the likely dominant factors that determine the strengthening effect.
II. EXPERIMENTAL PROCEDURE
The starting material in this work was a cast AZ80 (Mg-7.5 wt pct Al-0.5 wt pct Zn) alloy. From the cast ingot, a billet (9.6 cm long, 5 cm wide and 3 cm thick) was cut out. This billet was homogenized at 400°C for 24 hours followed by air-cooling. The homogenized billet was rolled at 400°C in lubricated conditions to a true strain of around 1, in five passes, followed by water-cooling. The inter-pass annealing time was approximately 5 minutes. The rolled plate was solution-treated at 420°C for 1 hour. Afterwards, two portions of the plate were aged at 320°C for 2 hours (aging treatment 1) and 116 hours (aging treatment 2), respectively. This aging temperature was chosen because it led to the formation of uniform distributions of large continuous Mg 17 Al 12 precipitate basal plates. With the idea of preserving the microstructure, the specimens were immediately water-quenched upon the completion of the solution and the aging heat treatments. Vickers microhardness tests with a load of 0.5 kg were used to monitor the age-hardening response. It was observed that the hardness reached a value of~70 VHN after 1 to 2 hours of aging, but remained essentially constant at this value with increasing the aging time up to~116 hours. This means that, although the two selected aged conditions exhibit the same hardness, the aged 1 condition (aged for 2 hours) corresponds to the peak-aged state, while the aged 2 condition (aged for 116 hours) is an over-aged sample.
Compression cylinders with a diameter of 7 mm and a height of 10.5 mm were machined from the solution-treated and aged portions of the rolled plate, their loading axis being parallel to the TD. They were uniaxially compressed at RT on a universal Instron machine using a constant rate of crosshead displacement corresponding to an initial strain rate of 10 À3 s À1 . The compression tests were performed in lubricated conditions both to failure and to intermediate strains. After correcting for the machine compliance, the true stress (r) and true strain (e) curves were calculated using the load-displacement data from the load frame. The yield stress was estimated as the true stress at an engineering strain of 0.2 pct and the work hardening rate was estimated as dr/de.
Microstructural characterization was performed by optical microscopy (OM) and by scanning electron microscopy (SEM) in a Zeiss EVO60 equipment and in a Sirion field emission gun microscope. The latter, equipped with a HKL system, was also used to carry out electron back-scattered diffraction (EBSD) measurements. The macrotexture was analyzed by X-ray diffraction (XRD). The experimental pole figures were measured using Cu K a radiation in a Bruker D8 Discover diffractometer. From these data, the orientation distribution function and the calculated pole figures were obtained using the MATLAB toolbox MTEX. The inverse pole figures were then derived from the calculated direct pole figures. Sample preparation consisted of manual grinding and polishing down to 1 lm with SiC papers and diamond suspensions. In addition, for OM and SEM, the samples were chemically etched in acetic picral and nital solutions, while for EBSD, they were final polished in colloidal silica. Figure 1 illustrates OM micrographs of the solution-treated and aged materials. The insets in these micrographs show the average grain sizes, which have been determined by the linear intercept method from five different micrographs. Five randomly positioned line segments were drawn on the micrographs, so that about 440 measurements were made for each condition. It can be seen that the three samples exhibit a fully recrystallized microstructure with a uniform grain size distribution. It is interesting to note that the grain size only increases from 31 ± 5 lm after the solution treatment to 37 ± 6 lm after aging for 116 hours, which means that the effect of aging at 320°C on the grain size of the solution-treated material is quite subtle. The optical micrographs also reveal that the microstructure is dominated by large continuous precipitates in the aged materials (Figures 1(b) and (c)). These precipitates are mainly located in the grain interiors but they can be also found at the grain boundaries (GBs).
III. RESULTS

A. Characterization of Initial Microstructures
Figure 2(a) shows the TD inverse pole figure (IPF) map of the solution-treated material. The {0001} pole figure (PF) in Figure 2(b) , showing the orientations of the grains in the map, reveals that this plate exhibits the typical basal texture of rolled Mg alloys, where the basal planes are mainly parallel to the rolling plane. [5, 6] In agreement, according to the IPFs in the TD calculated from XRD (Figures 2(c) through (e)) the solution-treated material (Figure 2 (c)) displays a tendency for the TD to spread between the h10 10i and the h11 20i poles, which is consistent with the predominance of blue and green colors in the map. This means that for most of the grains, the TD is close to the prismatic crystallographic directions, so that twinning should be the main active deformation system under compression at RT along the TD. The IPFs in the TD of the aged 1 and the aged 2 specimens (Figures 2(d) and (e)) show that the basal planes of those grains with h11 20i//TD are somewhat tilted towards the TD during aging. So, the texture of the aged samples is slightly different from that of the solution-treated one, which is consistent with the small variation of the average grain size during the thermal treatments ( Figure 1 ).
The distribution of the particles in the aged 1 and aged 2 specimens are shown in Figure 3 , where SEM images from the ND-RD sections are displayed. Note that, based on texture (Figures 2(d) and (e)), it can be assumed that the image plane is close to a matrix prismatic plane and thus perpendicular to those precipitates on basal planes. It can be seen that, continuous b-Mg 17 Al 12 basal precipitate plates, seen as parallel needles or laths in the micrographs, dominate the microstructure and distribute uniformly within the grain interiors for both aging conditions. It can be noted that a few precipitates oriented approximately perpendicular to these plates are also present within the grains (see blue arrows). These have been identified as rod-shaped b precipitates, being their long axis aligned with the c-axis. [34, 49] It should be mentioned that, for the present work, only the plated-shaped precipitates will be considered.
It is also patent from Figure 3 that precipitation during aging also takes place at the GBs. In this way, particles decorating the GBs are observed in both aged specimens, especially after aging for 116 hours ( Figure 3(b) ). Such particles could effectively pin the GBs, so that they would restrict grain growth during the aging treatments at 320°C. Precipitate-free zones (PFZs) are present in the vicinity of the GBs, again especially noticeable in the specimen aged for 116 hours (see red arrow in Figure 3(b) ). These may form by (i) a reduction of the solute content in the regions close to the GBs caused by the growth of the GB precipitates during aging and (ii) a reduction during the water-quenching following the solution treatment of the vacant content in these regions and thus of nucleating sites for the precipitates. [47] Since the PFZs are mainly formed on extended aging times, the former is the most likely mechanism.
From the calculated ternary phase diagram using the PANDAT software, the volume fraction of precipitates was estimated to be only 1.7 pct for both aging conditions. However, by eye, precipitates are much larger in the aged 2 ( Figure 3(b) ) than in the aged 1 ( Figure 3(a) ) condition, so that they form denser layers, closer to lamellar structures, in the former than in the latter. For a more accurate comparison, the dimensions of the individual basal plates were quantitatively determined from the SEM micrographs (Table I ). The mean plate thickness (t t ) was calculated as the average height of the above-mentioned laths, which corresponds to the intersection of the basal plates with the matrix prismatic planes. For the calculation of the mean plate diameter (d t ), it was taken into account that the Mg 17 Al 12 basal plates are actually parallelograms whose long axes are parallel to the three close packed orientations of the matrix. [45] To simplify the analysis, the precipitate shape was approximated to basal discs whose mean diameter is equal to the average length of the largest laths in the pictures. For each aged condition,~145 and~540 measurements were made for the calculation of t t and d t , respectively. As detailed in Table I , after annealing at 320°C for 2 hours, the basal plates have a mean diameter of 3.42 ± 0.79 lm and a mean thickness of 0.15 ± 0.06 lm. With increasing the aging time to 116 h, the plates grow in both diameter and thickness, their aspect ratio (d t /t t ) being higher for the aged 1 than for the aged 2 specimen.
B. Mechanical Behavior
Examples of compression curves for the AZ80 alloy tested along the TD in the solution-treated, aged 1 and aged 2 conditions can be seen in Figure 4 (a). The three curves exhibit the typical concave-up shape associated with the predominance of tensile twinning during the first stages of deformation, [23] the yield point reaching an average value of about 95 MPa for the solution-treated specimen and of 105 MPa for the two aged specimens. According to the familiar Hall-Petch relationship, the subtle increase in the mean grain size during aging ( Figure 1 ) would lead to an insignificant decreased yield stress in the aged samples compared to the solution-treated one. Similarly, a slightly higher activity of basal slip in the aged samples promoted by the tilt of the c-axes from the ND towards the TD in a few grains during aging (Figures 2(c) through (e)) would always result if anything in a small decrease of the yield stress. Finally, the large presence of solutes in solid solution in the aged samples cannot explain the increase of the yield stress after aging either. The contribution of the solid solution to the yield stress can be calculated as
where C = 197 MPa and X is the atomic fraction of solute. [50, 51] Using the JMat Pro software, the solute atomic fraction was estimated to be 0.0681 before aging and 0.0589 after aging. Substituting these values in Eq. [1] , the yield stress of the solution-treated condition was estimated to decrease by 3 MPa due to the solute loss upon aging.
Therefore, the increase of the compressive yield stress (CYS) along the TD on aging can be only attributed to the precipitation of the Mg 17 Al 12 basal plates. However, precipitates lead to only 10 MPa of maximum hardening, while previous works on Mg-Al-Zn alloys [29, 31, 33, 35, 36, 41] show that the yield stress in twinning-dominating conditions can be increased by~100 MPa upon continuous precipitation. This is mainly due to the fact that in the present study, the aging treatments were carried out at higher temperature, which results in a lower precipitate volume fraction of larger-sized precipitates and thus in a lower strengthening efficiency. However, the increased grain size, the tilt of the c-axis towards the TD or the solute loss, could contribute to the small overall strengthening of the alloy on aging. It is also worth-noting that, despite the different precipitate distribution observed in the aged 1 (Figure 3(a) ) and aged 2 ( Figure 3(b) ) specimens, strengthening is nearly identical for both specimens, which is consistent with the hardness Vickers measurements.
In agreement with the true stress-true strain response, the work hardening rate curves of the solution-treated and aged materials (Figure 4(b) ) exhibit a distinct maximum at an intermediate strain. This is typically observed when twinning dominates deformation and is usually associated to a rapid increase of stress to activate pyramidal hc + ai slip after the exhaustion of twinning. [52] However, after the initial drastic decrease observed at very low strains, ascribed to the elastic-plastic transition, the work hardening rate exhibits another much smaller maximum for the three specimens. This is consistent with a sequential activation of deformation modes during the first stages of deformation and could indicate that a small fraction of grains begin to deform plastically by basal slip whilst those grains suitably oriented for twinning continue to keep deforming elastically up the macroscopic yield stress, where all grains deform plastically.
C. Characterization of Deformed Microstructures
Figures 5(a) through (c) illustrate the IPFs in the compressive direction (CD) calculated from XRD of the solution-treated, aged 1 and aged 2 materials compressed to 5 pct engineering strain. It can be seen that these three deformation textures are qualitatively similar to each other, but there is a marked difference with the textures of the undeformed materials (Figures 2(c) through (e)). In particular, it is clear that compression along the TD causes a large tilt of the c-axes, initially Quantifications from the XRD data of the increase in the volume fraction of material with its h0001i axis parallel to the TD (max deviation = 20 deg) revealed that the volume fraction of twins decreases significantly in the aged 1 condition (Figure 5(b) ) compared to the solution-treated one ( Figure 5(a) ). In contrast, the twin fraction is only slightly lower in the aged 2 condition (Figure 5(c) ) than in the solution-treated one ( Figure 5(a) ). The slight tilt of the c-axes from the ND to the TD experienced by a few grains in the solution-treated sample during aging (Figures 2(c) through (e)) could lead to a reduced activity of twinning in the aged samples compared to the solution-treated condition caused by a promotion of basal slip. However, given that the texture change is nearly identical during both aging treatments (Figures 2(d) and (e)), the decrease of the volume fraction of twins after compression should be also very similar in both aged specimens, but they are very different (Figures 5(b) and (c) ). This indicates that the changes in texture caused by aging have a minor effect in the decreased twinning activity in the aged specimens.
A decrease in the volume fraction of twinning compared with the un-aged condition was also reported by Jain et al. [29] for a weakly textured AZ80 alloy with a uniform distribution of mainly continuous precipitates [35] and a rolled AZ91 alloy containing both discontinuous and continuous Mg 17 Al 12 precipitates [41] showed to have significantly increased yield stress, but unchanged twin volume fraction when testing in twinning dominated conditions. This suggests that the activity of twinning and thus the volume fraction of twins in the aged samples is mainly determined by the particle distribution.
SEM inspections (Figures 6(a) through (c) , (e), and (f)) confirm the profusion of twinning in the solution-treated and the aged samples upon compression along the TD. Assuming to be comparable to the area fraction of twins, the volume fraction of twins (f twin ) was manually measured from SEM micrographs on sections perpendicular to the CD by means of a point counting analysis with a squared net. A minimum of four micrographs per condition were used, being more than 500 points per micrograph counted. The number of twins per unit area (N twin ) of the three samples was calculated by counting manually the number of twins on the same pictures. The results (Figure 6(d) ) verify that f twin is lower in the aged samples, especially the aged 1, than in the solution-treated sample. On the contrary, N twin is much higher in the aged samples, especially the aged 1, than in the solution-treated sample. This suggests that, as previously observed in binary Mg alloys, [28] [29] [30] 35, 40] twins are thinner, but more numerous in the aged specimens than in the solution-treated condition. This, in turn, suggests that twins can be formed without trouble in alloys containing precipitates, even in the presence of a large amount of particles at the GBs, but their growth is limited. It has been proposed [28, 30, 36] that, since stress relaxation is a driving force behind twin propagation and growth, [53] when the growth of twins is hindered, the stress undergone by the grain is higher because the twin cannot accommodate the imposed strain. So, new twins have to nucleate within the grain for the plastic strain by twinning to proceed. This hypothesis has been recently proved by means of molecular dynamic simulations. [54] Closer SEM inspections of the aged specimens on sections perpendicular to the CD (Figure 6(e) ), where twin traces are relatively aligned with the plates, reveal that particles are able to pin the twin boundaries, hindering their lateral growth, or simply act as obstacles which prevent the growing twins from merging and consuming entire grains. This way, twins appear to become somewhat sandwiched between the basal precipitate plates, which arrange to form parallel layers. So, twinning growth and thus twin thickness seems to be affected by the interparticle spacing in the c-axis direction. On the other hand, SEM inspections on sections parallel to the CD (Figure 6(f) ), where twin traces are inclined towards the basal precipitate plates, show that particles are mostly embedded by growing twins with no evidence of shearing.
IV. DISCUSSION
Our results reveal an increase of about 10 MPa in the CYS along the TD after aging at 320°C for as much 2 hours as 116 hours in relation to the solution-treated condition (Figure 4(a) ). This increase of the CYS was mainly attributed to the precipitation of the Mg 17 Al 12 basal plates. More specifically, it could be attributed to the preferential strengthening effect of such precipitate plates on extension twinning (K 1 = {10 10}), which according to the shape of the compressive (Figure 4(a) ) and the work hardening rate curves (Figure 4(b) ), is the main active deformation mechanism under compression along the TD for the three thermal conditions. Precipitates have been proved to effectively hinder twin growth, in such a way that twins are more numerous, but generally thinner in the aged than in the solution-treated condition (Figure 6(d) ). One interesting observation is that, despite the difference in the precipitate distribution between the aged 1 and aged 2 specimens (Figure 3) , both samples exhibit the same rise of the CYS in relation to the solution-treated condition (Figure 4(a) ).
The CRSS twinning values were approximated as CYS 9 SF, where SF is the average Schmid factor for the twin system (approximately equal to 0.4, according to the calculations made using the HKL software). [38] Afterwards, the increment of CRSS twinning due to precipitation was estimated to be about 5 MPa for both the aged 1 and aged 2 conditions, which is a very modest strengthening effect. However, it is also clear that the particles have had an effect on the twin volume fraction and number density (Figures 5(a) through (c) and 6(d)). Furthermore, as already noted, when viewed in the section perpendicular to the CD, it is clear that the width of the twins is often constrained between bands of particles ( Figure 6(e) ).
The crystallography is such that the twinning planes on which the SF is a maximum intersect the observation plane to produce a line that lies on the precipitate habit plane. The twin will thicken, attempting to maintain its invariant K 1 plane until it encounters sufficient obstacles (particles) that it becomes arrested. In contrast to a high angle boundary, the twin boundary cannot curve arbitrarily without an additional energy penalty associated with deviation from the K 1 plane. Therefore, unlike in Zener pinning of a general high angle boundary, we do not observe bulging of the twin boundary in the gaps between precipitates, even when the gap is large.
The ability to calculate the precipitation strengthening of twinning is a critical requirement in designing Mg alloys with improved mechanical properties. However, despite a number of recent studies, [28, 30, 31, 33, 36, 40, 41, 43] there is not yet a proven method for performing such calculations. Indeed, it is not yet clear which particle parameters are important to consider.
Several approaches have been used to estimate the increase of the CRSS for twin growth caused by precipitation. The first is to simply apply the standard Orowan equation developed for slip to calculate the bowing stress required for a single twinning dislocation. These calculations tend to underestimate the measured strengthening effect by around 5 to 10 times. [28, [30] [31] [32] 36, 40, 43] The second method is to assume that the additional back-stress caused by the twinned material surrounding an unsheared precipitate is the dominant contribution. However, calculations based on assuming a fully elastic accommodation of the misfit that leads to the back-stress, tend to overestimate the strengthening effect by an order of magnitude. [31, 36] To account for plastic relaxation of this additional back-stress, it has been proposed that the additional stress required for basal slip to occur within the twin is the important factor, supposing that this will provide a reasonable estimate of the increase in back-stress that cannot be plastically relaxed. Such calculations have been shown to give reasonable agreement with the measured strengthening increment, but are not based on a mechanistic understanding of the interaction between twins and precipitates. [31, 36, 43] More recently, Barnett [48] has calculated the strengthening effect based on treating the twin front as a super-dislocation (which consists of multiple twinning dislocations) and estimating the stress required to bow this super-dislocation. This recognizes that there is a minimum twin thickness that is able to propagate and for a twin to propagate around and beyond a particle would necessarily involve bowing of multiple twinning dislocations. This calculation also gives a reasonable agreement with the experimental strengthening.
The calculation method used will not only give a different prediction of strengthening effect, but will also give a different dependency on particle parameters (e.g., volume fraction, size, and spacing). None of the calculations are based on a careful consideration of the all physical processes that can occur when a twin encounters a precipitate. We have used all of these approaches to calculate the strengthening effect in the present case and compared the results to our measurements.
A. Orowan Strengthening
Since the precipitates formed in the present AZ80 Mg alloy during aging at 320°C are engulfed by twins without shearing (Figure 6(f) ), the following expression, based on the Orowan model, was used to calculate the increment of CRSS twinning due to precipitate strengthening (Ds twin ) Based on a previous study of the present authors, [43] the Burgers vector and the core radius of twinning dislocations in Mg were assumed to be 0.46 Å and 0.96 nm, respectively. However, the appropriate values of k twin and D twin p were determined using the measured particle dimensions (Table I) 
is the number of particles per unit area of twin plane. To do this, Fullman's method, [55] assuming a regular array of particles, was followed. So, the probability of intersecting a single basal plate by a twin plane (P twin ) was calculated as d t sinh + t t cosh, [31] where h = 43.2 deg is the angle between the twin plane and the basal plates. Then, N twin a was approximated by N v 9 P twin , where N v = f/V p is the number of particles per unit volume, f representing the volume fraction of particles and V p the mean volume of individual particles ¼
Finally, the effective planar interparticle spacing, schematically shown in Figure 7(b) , was estimated as
where D twin p is the mean planar diameter of the particles on the twin plane and was also found following the analysis of Fullman. [55] As shown in Figure 7 (a), random intersection of a basal plate with the twin plane will produce a rectangular cross-section of mean length d twin p = pd t /4 and mean width t twin p = t t /sinh. The mean planar diameter of particles is found by determining the average value of the precipitate dimension which is parallel to the direction of the gap to be bowed by dislocations. [36] Assuming that dislocations on the twin plane have to go through the length of the above-mentioned rectangles before circumventing them (Figure 7(b) ), the mean planar diameter of the particles on the twin plane was calculated as
The calculated values of D twin p , k twin and Ds twin for the aged 1 and aged 2 specimens are compiled in Table II . It can be seen that k twin is lower for the aged 1 than for the aged 2 condition, which is consistent with the observed particle coarsening with increasing the annealing time (Table I) . As a consequence, unlike the CYS, which remains the same for both aged conditions, Ds twin is higher for the peak-aged than for the over-aged specimen.
B. Back-Stress
The other contribution to the increase of the CRSS for twin growth derives from the additional back-stress on the twin generated by unsheared particles. [31, 36] When precipitates are not sheared in the twinned material a plastic strain discontinuity occurs at the interface between the particle and the twin. [55] This is an additional contribution to the overall back-stress, which must be relieved by elastic and/or plastic deformation for the twin to keep growing without particles.
The back-stress generated by particles can be calculated as the shear stress component on the basal plane within the twin. [31] In particular, the back-stress (r b ) for basal plates is given by
According to this expression, the back-stress for the precipitate fraction formed in the AZ80 Mg alloy during aging at 320°C (1.7 pct) takes a value of 28 MPa. Since this depends only on the volume fraction of precipitates, but not on their size or spacing, it is the same for both the aged 1 and the aged 2 specimens, which is consistent with the invariability of the CYS with the aging time. However, this value exceeds the expected critical resolved shear stresses for basal and prismatic slip, [56] being an order of magnitude higher than that obtained by multiplying the measured CYS by the SF for the twin system. This indicates that the stress incompatibility cannot be accommodated elastically alone, but must also be accommodated plastically. [31, 36] This is consistent with the high density of dislocations experimentally observed by Gharghouri et al. [46] around the unsheared particles within the twins.
C. Basal Slip in the Twin
It is likely that the plastic deformation required to attenuate the large elastic stresses that would otherwise arise as described above [31, 36] takes place by basal slip. This is because the smallest CRSS of all the slip systems corresponds to basal slip. Moreover, the lattice in the twin is favorably oriented for basal slip. [36] This is because, due to the reorientation of the lattice caused by twinning, the basal planes, which are approximately parallel to the CD in the parent material, form~86 deg with the CD in the twin.
The precipitation strengthening of the basal slip in the twin (Ds basal(twin) ) can be calculated by the Orowan model, considering precipitates now engulfed in the twinned material. For this purpose, the magnitude of the Burgers vector and the core radius of basal dislocations in Mg (0.32 nm for both parameters [43] ) were considered. Moreover, the appropriate values of the effective planar interparticle spacing on the basal plane in the twin (k basal(twin) ) as well as the mean planar diameter of the particles on the same plane D basal twin ð Þ p were determined taking into account that, since the matrix is rotated by twinning, the parent-basal plates are nearly parallel to one set of parallel prismatic planes in the twin. [31, 36] (Figure 7(a) ) and the basal plane within the twin (Figure 8(a) ) is a rectangle with the same length (= pd t /4), D twin p (Table II) and
exhibit the same values for both aging conditions. However, k basal(twin) (schematically shown in Figure 8(b) ) is lower than k twin (Table II) as much for the aged 1 as for the aged 2 condition, which could be attributed to a higher probability of the parent-basal plates being intersected by a single basal plane within the twin (P basal(twin) = 0.99d t + 0.07t t ) than by a single twin plane (P twin = 0.68d t + 0.73t t ).
D. Bowing of Super-Dislocation
Barnett [48] has recently presented a calculation for the bowing stress around obstacles considering the twin front as a super-dislocation, which consists of multiple twinning dislocations. This accounts for the fact that the bowing of a single twinning dislocation is not sufficient to enable the twin to propagate beyond the particle, since there is a minimum twin thickness that leads to growth for a given imposed shear stress. We applied Barnett's approach [48] to calculate the bowing stress for the super-dislocation in the present case, obtaining a value of 42 MPa (assuming twin growth dominated yield and using SF = 0.4, as before). For twin growth to be energetically possible at this applied stress level, Barnett's analysis yields the minimum number of twinning dislocations in the expanding super-dislocation loop as approximately 114. This corresponds to a twin thickness of approximately 43 nm.
To bow this super-dislocation, taking the mean particle spacings on the twinning plane derived previously (3 and 5 lm for aged 1 and aged 2 conditions, respectively), requires stress of approximately 9.27 and 5.51 MPa, respectively.
E. Comparison of Calculation Methods
The strengthening against twin growth calculated by the four methods above was compared with that determined from measurement, as shown in Table IV . Firstly, it can be seen that there is 2 order of magnitude difference between the highest and the lowest calculated value, based on the method used. Such a discrepancy serves to highlight the problem in using such calculations to aid alloy design. Two of the methods provide very good estimates of the of the CRSS increase for twin growth: the model based on basal slip in the twin, especially accurate for the aged 1 condition and the model based on the bowing of super-dislocations, especially accurate for the aged 2 condition. So, the interaction between propagating twins and particles still remains an unclear phenomenon, but seems to be related to the particle distribution. This is consistent with the different volume fraction of twins observed in the two aged samples after testing (Figures 5(a) through (c) and Figure 6(d) ).
For the aged 1 specimen, the calculation method that gives a strengthening estimate closest to the measured value is the Orowan stress necessary to bow basal dislocations in the twin. The physical justification for this calculation is that by inhibiting dislocation motion in the twin, the extent of plastic relaxation will be reduced. Whilst a rigorous calculation of plastic relaxation is complex, [53] and this approach is certainly a great over-simplification, the present results confirm that this metric may be useful in estimating the magnitude of the strengthening effect. It has also been previously demonstrated to correctly capture the trends regarding the effect of the shape and habit of particles on the strengthening of the twinning system. [31] This calculation is based on the assumption that the extent to which plastic relaxation is affected by precipitation is most critical in determining the strengthening effect.
However, this approach does not imply a mechanism by which the twins negotiate the particles because no matter how an unsheared particle ends up embedded in sheared (twinned) material, the same back-stress and plastic relaxation is expected.
For aged 2 specimen (containing lamellar-type precipitates), the calculation method that gives a strengthening estimate closest to the measured value is the stress required to bow a twinning super-dislocation loop capable of further expansion. An important distinction between this method and the strengthening of the basal slip in the twin is that it entails a mechanism by which the twins propagate through a microstructure containing unsheared precipitates (and do so relatively easily). Inevitably, in an alloy with a significant precipitate volume fraction, twins must inevitably engulf particles if they are to grow. As argued by Barnett, [48] this cannot occur by bowing of a single twinning dislocation for energetic reason, but involves the thickening of the twin sufficiently to bypass the particle. However, plastic relaxation effects were not considered when calculating the stress required to bow the propagating super-dislocation between particles.
V. CONCLUSIONS
A cast AZ80 Mg alloy was homogenized and hot rolled in order to obtain a plate with the basal planes aligned with the rolling plane. The rolled plate was solution-treated and aged at 320°C for 2 or 116 hours. Then, the solution-treated and the aged materials were tested in compression at room temperature along the transverse direction. A detailed characterization of particles and twins was accomplished by scanning electron microscopy. The effect of the precipitate basal plates on the strength of the alloy was estimated by using different models, these predictions being compared against the experimental mechanical properties. The conclusions that can be extracted from this work are:
1. The compressive yield stress increases by about 10 MPa after aging up to both the aged states. This yield stress increase can be ascribed to the precipitation strengthening of twinning, the main active deformation mechanism. 2. A higher number of thinner twins are observed in the aged samples, suggesting that precipitation promotes twin nucleation, but inhibits twin growth. So, the precipitation strengthening of twinning is mainly determined by the additional stress required for the twins to grow. 3. Four alternative methods have been applied to estimate the increase of the critical resolved shear stress for twin growth and compared with the measured strengthening. These calculation methods give 2 orders of magnitude difference in estimated strengthening effect, spanning the measured value. Two different metrics approximates to the measured strength increment depending on the aging time: the Orowan stress necessary to bow basal dislocations in the twin and the Orowan stress to bow super-dislocations loops capable of further expansion. So, the strengthening effect of particles on twinning seems to be determined by the particle distribution.
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